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Bifacial silicon solar cells
Half-cell photovoltaic (PV) modules
A B S T R A C T
The half-size bifacial silicon solar cells have garnered significant research attention in photovoltaic (PV) modules
because they render enhanced power output. Herein, the influence of cutting surface and scribing iteration times
on electrical characteristics of bifacial silicon solar cells is investigated in detail. The results reveal that the
cutting process should be carried out from the rear side and scribing iteration times should be twice. Moreover,
we have studied the cutting losses of n-type passivated emitter and rear totally diffused (n-PERT) bifacial solar
cells and demonstrated that not mechanical breaking but laser scribing is a major source of losses during the cell
separation process. In addition, the damage induced by the cut was systematically investigated and it was ob-
served that the heat-affected zone resulted in negligible damage under optimal cutting conditions. Overall, n-
PERT half-cell bifacial modules, sectioned under optimal cutting conditions, can maintain high efficiency and
excellent reliability.
1. Introduction
In the photovoltaic (PV) domain, there is a growing demand for
high-efficiency and long service lifetime PV modules to reduce the le-
velized cost of energy [1]. Such reduction can emerge from two aspects:
(i) reduction of manufacturing and installation costs and (ii) enhanced
power output of solar cells and modules [2]. In general, the power
output of PV module can be improved by using bifacial silicon solar
cells, which utilize both front and rear surfaces of the solar cells to
convert light into energy and which results in an increased energy
harvesting potential [3].
Even though bifacial silicon cells have been fabricated in the early
1980s [4], the commercialization of bifacial PV modules took three
decades, and the first bifacial PV module was introduced starting by
Yingli, LG and PVGS in 2012 [5–7]. In particular, bifacial technology
for n-type silicon solar cell has been developed exponentially and the
bifacial ratio, which is the relative efficiency of the rear of the solar cell
to the front of the cell, reached a value of> 90% [8,9]. Furthermore,
when bifacial modules are installed at an optimum height and sunlight
is able to access the module from both sides, the power output can
increase by ~20% [10,11]. Therefore, bifacial solar cells have great
potential in the market [12], although more studies are still need at the
module level.
Alternatively, the power output of PV modules can be improved by
utilizing halved silicon solar cells. It has been reported that PV modules
with halved Si solar cells can effectively reduce cell-to-module (CTM)
losses by reducing series resistance loss [13,14]. In addition, the size of
half-cell PV module is larger than the corresponding full-cell module,
which implies that the optical gain can be further improved due to more
back reflection of light from the increased cells gap [15]. The full-size
solar cell can be halved by using laser scribing and subsequent me-
chanical breaking. In general, diamond wires are widely employed for
the solar wafer squaring and slicing [16]. Some high-quality silicon
wafers are also cut by using thermal laser separation, resulting in
minimal damage [17]. At present, Q-switched, Nd: YAG fiber laser is
widely used in scribing [18,19]. Moreover, the laser cutting is also an
effective way to reuse silicon solar cells with partial malfunctionings,
such as edge cracks, broken gate and unfilled corners [20]. However,
some loss of electrical characteristics is inevitable during laser cutting.
For instance, Müller et al. [21] have investigated the effect of different
laser pulse length on the cutting loss of the cell. Eiternick et al. [22]
have suggested that the focus of silicon solar cells separation process
should lie on the development of optimal laser scribing process.
Therefore, the optimization of laser cutting technique should be carried
out to obtain maximum power output from half-cell bifacial PV mod-
ules.
Herein, we have investigated several batches of n-type passivated
emitter and rear totally diffused (n-PERT) bifacial solar cells, which are
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separated into half-cells by laser cutting. We have systematically in-
vestigated the laser cutting technique for bifacial silicon solar cells and
analyzed the laser cutting induced losses and heat-affected zones. In
order to demonstrate high efficiency and reliability of half-cell bifacial
PV modules, we have fabricated n-PERT half-cell bifacial PV modules
and carried out the reliability experiments.
2. Experimental
2.1. Materials and methods
The features of bifacial mono-crystalline silicon solar cells, used in
the current study, are listed in Table 1. The schematic illustration of n-
PERT bifacial cell structure is presented in Fig. 1. Fig. 2 presents a
schematic diagram of the cutting process and images of n-PERT bifacial
cells with full-size front and two half-size rear.
The bifacial solar cells were cut by using a Q-switched, nanosecond,
Nd: YAG fiber laser scribing machine. The operating parameters of the
laser machine are listed in Table 2. The optimal scribing speed was
found to be 120mm/s, which is 80% of the maximum cutting speed
[23]. In order to determine the optimal conditions, different laser cut-
ting conditions were compared by changing the laser cutting power, the
laser repetitive frequency, scribing iteration times and the cutting sur-
face of cells, which resulted in minimum losses. The laser-induced
phase explosion has been reported for SiNx anti-reflective coating and Si
[24–26]. Accordingly, the range of laser repetition frequency and the
laser cutting power were set, as listed in Table 3. The laser wavelength
of 1064 nm was used for all tests.
The DOE (Design of Experiment) based on the control variable
method, where two factors are controlled at five levels, i.e., each ex-
perimental factor can take five different values (levels). The number of
the selected array was 25, as shown in Table 3, where the first row
refers to the laser repetitive frequency and the second row provides the
laser cutting power. The replicated tests resulted in a total number of 50
tests, which provided the required level of statistical significance.
The arrangement of half-cell bifacial modules and equivalent circuit
model are presented in Fig. 3, where the open-circuit voltage (Voc) and
short-circuit current (Isc) of 120 half-cells PV modules are theoretically
equal to the module with 60 full-size solar cells. It can be observed that
both upper and lower strings are connected in parallel, and then each
part is connected in series. The length, width and thickness of the PV
module is 1678mm, 992mm and 6mm, respectively. In addition, we
have also fabricated some n-PERT half-cell PV modules, as shown in
Fig. 3(a). According to the International Electrotechnical Commission's
(IEC) standard IEC61215 (2016) and IEC62804 (2015), we have carried
out some reliability tests, including light-induced degradation test
(LID), thermal cycling test (TC), damp heat test (DH) and potential-
induced degradation test (PID). For each test, the utilized n-PERT half-
cell bifacial module has been fabricated under optimized cutting con-
ditions.
2.2. Characterization and testing
The cells were separated into half-size cells by laser scribing and
subsequent mechanical breaking by manual cleaving at room tem-
perature (25 °C), as shown in Fig. 2. In order to analyze the cutting
losses, the cells were electrically tested before the laser cutting, after
the laser cutting and after mechanical breaking by the calibrated Solar
Cell Tester (XJCM-9, Gsolar, China) under standard test conditions
(STC) (AM1.5, 1000W/m2, 25 °C). The Lichttechnik module tester
system (LMTS, Meyer Burger, Germany) was utilized to obtain I-V
characteristics of the experimental modules under STC. Moreover, an
EL testing machine (Thinkye, Juneng, China) was employed to obtain
electro-luminescence (EL) images of the modules. The microstructure
was observed by scanning electron microscope (SEM, SU-70, Hitachi,
Japan). The elemental mapping in the laser cutting region was carried
out by using an electron probe microanalyzer (EPMA, JEOL JXA8230,
Japan).
3. Results and discussion
3.1. Laser cutting conditions
Theoretically, the maximum output power (Pmpp) and Isc of half-size
solar cells should be equal to half of the corresponding full-size cells,
whereas Voc of the half-size cell should be equal to the full-size cell.
However, the electrical characteristics of solar cells are deteriorated to
a certain extent during cell separation. Therefore, we have investigated
the influence of the laser parameters, cutting surface and scribing
Table 1
The features of mono-crystalline bifacial silicon solar cells.
Parameter Front efficiency Output power Bifacial ratio Lateral dimensions Thickness Manufacturer
n-PERT 21.11% 5.16W 80.5% 156.75× 156.75 mm 180 μm Zhonglai, China
Fig. 1. Schematic illustration of bifacial n-PERT solar cell structure (BSF de-
notes back surface field.).
Fig. 2. n-PERT bifacial solar cells: (a) schematic illustration of the cutting process, (b) full-size front side and (c) half-size rear side.
L. Xia, et al. Materials Science in Semiconductor Processing 105 (2020) 104747
2
iteration times to minimize the electrical losses. According to the con-
trol variable method, we have obtained the optimal laser parameter
value (KL) at room temperature (25 °C), where the laser cutting power,
the laser repetitive frequency and the scribing speed were 5W, 30 kHz
and 120mm/s, respectively. Then, we used this KL value to investigate
the cutting surface, where the cut was initiated, and the influence of
scribing iteration times.
3.1.1. Cutting surface
In order to investigate the relationship between cutting surface and
bifacial cutting losses, forty samples were fabricated for each cutting
surface and the front and rear electrical parameters of each cell, before
and after laser cutting, were recorded by the calibrated Solar Cell
Tester. The scribing iteration times of all samples was twice. The









where Pmpp1 refers to the maximum power before cutting, and Pmpp2
represents the sum of the maximum power of two half-size cells after
cutting. Equation (1) can also be employed to calculate the loss rate in
the open-circuit voltage, the short circuit current and fill factor (FF).
The average loss value of these electrical parameters after rear and front
cutting are presented in Figs. 4(a) and 3(b), respectively. The front
average Pmpploss value of rear and front cutting was 0.65% and 1.41%,
respectively. The front average Pmpploss of rear cutting was obviously
lower than the front cutting. On the other hand, the rear average
Pmpploss of rear cutting and front cutting was 1.48% and 1.24%,
respectively. The front average FFloss of rear cutting and front cutting
was 0.55% and 1.62%, respectively. The rear FFloss of rear and front
cutting was 1.14% and 1.54%, respectively. Overall, the change in Voc
and Isc was negligible. Hence, we have not included them in our dis-
cussion. The comprehensive analysis of these results indicates that bi-
facial cells should be prepared by cutting from rear side. It is well
known that the output power of bifacial solar cell mainly comes from
the front side, and the p-n junction in the solar cell is under the front
surface. Therefore, it is probably not so much front or rear which is
important, but the most important aspect is not doing the cutting on the
emitter side.
3.1.2. Scribing iteration times
By comparing the cutting surface of bifacial solar cells, we identified
the advantages of cutting from the rear side. Then, we aimed to in-
vestigate the relationship between scribing iteration times and elec-
trical characteristics of rear-cut bifacial solar cells. Briefly, twenty
samples were processed with the previously optimized parameters of KL
values for this analysis. The electrical parameters were recorded before
and after cutting by using the calibrated Solar Cell Tester. The average
loss rate of the important electrical parameters under 1000W/m2 il-
lumination is shown in Fig. 5, where different colors represent different
cutting iteration times. After one time cut, the output power loss per-
centage was 0.96%. If the cutting process is repeated twice, the output
power loss percentage decreases to 0.65%, which increases to 1.38% if
the cutting process is repeated three times. Obviously, performing the
cutting process twice caused the lowest power loss with all 3 para-
meters (FFloss, Vocloss and Iscloss) being the lowest between cutting once,
twice or three times.
Cross-sectional micro-topography of n-PERT silicon solar cells after
1, 2 or 3 cuts are shown in Fig. 6, where the laser cutting region and the
mechanical breaking region were separated by a line marker. Moreover,
when the scribing is only done once, the cutting depth is relatively
small, as shown in Fig. 6 (a). The cell is broken by machine along the
cutting groove, which needs more force and results in multiple hidden
cracks. Hidden cracks can lead to the reduction of Voc, Isc and FF of the
electrical performance parameters of the solar cell [27]. For a double
cutting process, the cutting depth can be more suitable for mechanical
cleaving. It is worth mentioning that the mechanical breaking process
does not cause hidden cracks. After a three times cutting process, the
laser has almost deteriorated the whole cell in the cutting region, in-
cluding the p-n junction on the front, and severely decreased the
electrical characteristics of the solar cell, as shown in Fig. 6(c).
3.2. Stepwise separation-process analysis
Herein, the bifacial silicon solar cells are separated into half-size
cells by using laser scribing and mechanical breaking. In order to in-
vestigate the influence of laser scribing and mechanical breaking on the
cell separation process, we have recorded the important electrical
parameters before and after laser scribing and mechanical breaking. We
have utilized the optimal parameters, as obtained from the previous
section, and cut rear side with a double cutting process. The optimized
laser cutting was carried out at the laser cutting power of 5W, the laser
repetitive frequency of 30 kHz, and the scribing speed of 120mm/s. Eq.
(1) is employed to calculate the loss in Pmpp, FF, Isc and Voc.
Table 2
The operating parameters for laser scribing.
Parameter Value Parameter Value
Wavelength 1064 nm Laser duty ratio 50%
Laser maximum output power 20W Laser repetitive frequency 30–60 kHz
Focal spot diameter 30 μm Maximum Scribing speed 150mm/s
Pulse width 50 ns@ 30 kHz M2-factor 1.2
Single pulse energy 0.67mJ @ 30 kHz Manufacturer Keyland Laser, China
Table 3
The range of parameters to cut bifacial silicon solar cells by laser and assigned
factors.
Laser parameters Range 1 2 3 4 5
LP2 (kHz) 30–40 30 32 34 36 40
LP3 (W) 3–7 3 4 5 6 7
Fig. 3. The layout of n-PERT half-cell bifacial PV modules: (a) the left and right
sides correspond to the front and rear, respectively, where 120 half-cells are
connected in parallel and series; and (b) the equivalent circuit model of the
layout.
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The total cutting damage is caused by laser scribing and mechanical
breaking, respectively. The average loss values in Pmpp, FF, Isc and Voc of
the front side are presented in Fig. 7, where red color represents the
cutting loss due to laser scribing and green color denotes the cutting
loss due to mechanical breaking. The Pmpploss of the laser cutting was
0.39%, which was higher than 0.26% of the mechanical breaking. The
FFloss of the laser cutting was 0.36%, which was also higher than 0.19%
of the mechanical breaking. It can be readily observed that the losses of
electrical characteristics, induced by the laser scribing, was more than
60% of the total loss. These results reveal that laser scribing is a major
source of electrical losses in bifacial solar cells. It has been reported that
the nanosecond laser cuts a crystalline silicon cell by thermal action
[28]. The cutting surface and cross-sectional laser cutting region of the
cell are shown in Fig. 8(a) and (b), respectively. At the edge, a number
of fused particles are solidified and the cross-section of laser-sectioned
area is filled with irregular melting pits and small cracks, increasing the
leakage current in solar cells. Hence, the laser scribing rendered a
higher degree of damage than mechanical breaking. Therefore, it is
important to optimize the laser cutting process for the development of
half-cell PV modules.
Fig. 4. I-V characteristics loss percentage values: Comparison of the front and rear losses after cutting from (a) rear side and (b) front side.
Fig. 5. The loss percentage values of electrical characteristics of n-PERT bifacial
silicon solar cells after different scribing iteration times.
Fig. 6. Cross-sectional micro-topography of n-PERT silicon solar cells after laser cutting: (a) 1 cut, (b) 2 cuts and (c) 3 cuts (SEM images).
Fig. 7. I-V characteristics loss percentage values due to laser scribing and me-
chanical breaking.
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3.3. Analysis of heat affected zone
If the solar cell is under open circuit condition, the current (IL),
flowing through the external load (RL), becomes 0, and the parallel
resistance (Rsh) approaches infinity under ideal condition. Hence, the
voltage at both ends of the load is defined open circuit voltage (Uoc),








where q refers to the electron charge, k represents the Boltzmann
constant, T corresponds to the absolute temperature, Iph refers to the
photogenerated current, and Is represents the reverse saturation cur-
rent. However, in non-ideal conditions, Uoc is affected by Is and the
leakage current (Ish) in solar cells. The change in series resistance (Rs)
does not affect Uoc, but the increase in Ish, which is caused by local short
circuit in the upper and lower electrode, leads to a decreased Rsh, re-
sulting in a lower value of Uoc.
Under short-circuit condition, the voltage on both ends of the load
(UL) becomes 0. Hence, the flowing current (IL) becomes equal to short
circuit current (Isc). Moreover, the current passing through the junction
(Id) can be neglected due to its extremely small magnitude. Therefore,












Obviously, the increase in Rs and decrease in Rsh lead to decreased Isc.
Based on the above analysis, we can predict the influence of series
and parallel resistances on the electrical performance of the solar cells.
The solar cell in the laser irradiated area was ablated into a melting pit,
and the p-n junction in the melting pit was completely destroyed, losing
the ability to collect photogenerated carriers. The heat-affected zone,
caused by the laser radiations, produced different degrees of damage,
resulting in increased defects in the doped silicon solar cell. The loss of
photogenerated electrons and the internal series resistance of the cell
increased in the process of collecting them from the p-n junction area to
the N pole [29]. The laser ablation damaged the p-n junction, which
significantly increased the number of defects in the p-n junction region.
These defects can act as favorable recombination center. At the same
time, impurities in the p-n junction at the edge of the ablative crater
and cracks at the edge of cells also caused the generation of leakage
Fig. 8. Micro-topography of n-PERT silicon solar cells after laser cutting: (a) surface and (b) cross-sectional laser cutting region (SEM images).
Fig. 9. EPMA mapping of region under optimal laser cutting condition.
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current. The increase of reverse currents decreased the photoelectric
current, which resulted in the reduction of parallel resistance of solar
cells. Overall, the laser ablation damaged the solar cell, and the ablated
area of the cell completely lost the output capacity. Meanwhile, the
series resistance of the cell increased and the parallel resistance de-
creased, which results in a decrease in short circuit current and open
circuit voltage. Therefore, the combination of these factors reduced the
output performance of the solar cells.
Furthermore, we have carried out EPMA to investigate the influence
of heat, under optimized laser cutting condition, on bifacial silicon solar
cells. Fig. 9 presents the distribution of various elements at the cut-edge
by using EPMA mapping. Fig. 1 shows that Si and N are the main
constituents of the rear sectioned-surface, whereas Si, N and O are the
main constituents of the rear sectioned-surface after rear cutting, as
shown in Fig. 9. Moreover, relatively lower content of Si and N was
observed near the cut-mark, whereas the content of O increased near
the cut-mark. One should note that the SiNx anti-reflective coating was
damaged during laser cutting and O2 from air reacted and formed SiO.
However, the O-rich area was extremely small. The analysis of ele-
mental distribution revealed that the width of the heat-affected zone
was ~40 μm. Hence, the influence of the heat affected zone on the
electrical performance is limited under optimal laser cutting conditions.
3.4. Half-cell bifacial PV modules
To estimate the potential of n-PERT half-cell bifacial modules and
the reliability of optimized cutting conditions, we have fabricated four
n-PERT half-cell modules under optimal cutting conditions and four
corresponding full-cell modules for comparison. These modules were
fabricated with the same raw materials and equipment, which were
tested by LMTS and the initial results are summarized in Table 4. Based
on the obtained data, we can conclude that the average output power of
n-PERT half-cell modules (305.95W), with optimized cutting condi-
tions, was about 2% higher than the full-cell modules (300.25W).
The output power of full-cell (5.160W) and half-cell (2.563W) can
be obtained by using the Calibrated Cell Tester. The sum of the cali-
bration values (Ps) for 60 full-cells was 309.6W, which slightly reduced
to 307.58W for 120 half-cells under optimized cutting conditions. The
laser cutting loss of half-cell PV module is 2.02W. Considering the
ribbon and busbar loss, the theoretical output power value (Pt) of PV
modules can be obtained by using Eqs. (4)–(6) [14]:
= − −P P P Pt s r b (4)




= ×P L ρ Ib b b 2 (6)
Where Pr refers to the ribbon resistance loss power, Pb corresponds to
the busbar resistance loss power, Lr represents the effective ribbon
length, and ρr denotes the ribbon resistivity. I refers to the current
through the ribbon, Lb denotes the effective busbar length, and ρb re-
presents the busbar resistivity. The parameters of the ribbon and busbar
are listed in Table 5. According to Eqs. (5) and (6), the ribbon loss
power of full-cell and half-cell PV modules was 9.49W and 2.38W,
respectively. The busbar loss power of full-cell and half-cell PV modules
was 0.88W and 0.63W, respectively. Moreover, the theoretical output
power of full-cell module and half-cell module was 299.23W and
304.57W respectively, corresponding to a theoretical gain of 5.34W,
while the actual power gain is 5.7W. The actual output power value of
PV module is higher than the theoretical value, which can be ascribed
to the influence of other factors, such as reflected light on fingers. One
should note that the light is internally reflected on the cell surface, and
the power loss occurs due to resistance in the cables and junction box.
Moreover, we have carried out LID, TC200, DH2000h and PID tests
according to IEC61215 (2016) for half-cell bifacial modules. After these
tests, the power loss percentage of the front and rear side is presented in
Fig. 10. After testing under the condition of 60 kWh/m2 illumination,
the front and rear power loss percentage were 0.3% and 2.7%, re-
spectively. The damp-heat testing (85 °C, 85% RH and 2000 h) resulted
in a front and rear power loss percentage of 1.3% and 3.2%, respec-
tively. The front and rear power loss percentage were 1.2% and 2.6%,
respectively after thermal cycling of 200 tests (−40 °C~+85 °C). Fi-
nally, after the potential-induced degradation test (96 h, −1500 V,
85 °C and 85% RH), the front and rear power loss percentage were 3%
and 1.7%, respectively The front power loss of bifacial n-PERT module
is higher than the rear side after PID test, which can be attributed to the
fact that the front side of n-PERT cell is field passivation and Al2O3
exhibits a high negative charge density. Under the action of negative
bias voltage, Na ions precipitated from the glass and redistributed the
charge in Al2O3, destroying the passivation effect. The rear side of n-
PERT cell is passivated by SiO2 layer, which contains a high density of
fixed positive charge, and weaken the enrichment of some cations and
have a small impact on the passivation effect [30]. After LID, TC200
and DH2000h tests, the rear power loss of bifacial n-PERT module was
found to be higher than the front side. One should note that the man-
ufacturing technology, utilized to fabricate the rear side of bifacial cell,
is not sufficiently matured and the rear side has not strict sorting and
Table 4
I-V characteristics of n-PERT half-cell and full-cell bifacial modules.
Parameter Pmpp/W Umpp/V Impp/A Uoc/V Isc/A FF/%
Half-1 306.73 32.448 9.453 39.351 9.831 79.29
Half-2 306.36 32.426 9.448 39.328 9.829 79.26
Half-3 305.30 32.427 9.415 39.313 9.816 79.11
Half-4 305.44 32.414 9.423 39.243 9.819 79.27
Full-1 299.87 32.335 9.274 39.324 9.793 77.87
Full-2 299.76 31.948 9.383 39.256 9.824 77.73
Full-3 301.15 32.006 9.409 39.324 9.812 78.05
Full-4 300.21 32.218 9.318 39.223 9.801 78.10
Umpp refers to the maximum voltage and Impp denotes the maximum current.
Table 5
Ribbon and busbar ribbon parameters of the PV modules.
Parameter ρr(Ω/m) ρb(Ω/m) Lr1(mm) Lb1(mm) Lr2(mm) Lb2(mm)
Value 0.084 0.014 1943 720.7 1910 509.5
Lr1 and Lb1 refer to the effective ribbon length and busbar length of full-cell PV
module, respectively; Lr2 and Lb2 refer to the effective ribbon length and busbar
length of half-cell PV module, respectively.
Fig. 10. The front and rear power loss percentage of half-cell bifacial modules
after LID, DH2000h, TC200 and PID.
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testing yet. In general, the power loss percentage of all modules was
lower than 5% after testing, so these modules pass IEC standard testing
requirements. The front EL images of n-PERT half-cell bifacial modules,
before and after each test, did not exhibit any defect, as shown in
Fig. 11. These results reveal that half-cell bifacial modules, fabricated
under optimal cutting conditions, did not have any negative influence
on reliability.
4. Conclusions
The development of half-cell PV modules requires an in-depth
analysis of the laser cutting and mechanical breaking induced losses.
Herein, we have studied the influence of laser cutting conditions on the
power output of half-cell bifacial silicon photovoltaic (PV) modules. We
have systematically investigated the effect of laser cutting technique on
cutting surface and scribing iteration times. The optimized laser cutting
conditions using a Q-switched, nanosecond Nd:YAG fiber laser were
identified as a double cutting process on the rear side of bifacial solar
cell. The optimal cutting parameters is achieved under a laser cutting
power of 5W, the laser repetitive frequency of 30 kHz, and the scribing
speed of 120mm/s. The front and rear power loss percentage of n-PERT
bifacial cell were 0.65% and 1.48%, respectively. Furthermore, we have
analyzed the cutting losses of n-PERT bifacial cells and demonstrated
that laser cutting is a major source of losses in the cell separation
process. Meanwhile, the results revealed that a negligible amount of
damage is caused by the heat-affected zone under optimized cutting
conditions. Finally, we have demonstrated that n-PERT half-cell bifacial
modules, fabricated under optimal cutting conditions, can maintain
high efficiency and excellent reliability.
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